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A b s t r a c t :  A computer program which gene ra t e s  e m p i r i c a l  r u l e s  

a s s o c i a t i n g  13C tWR s h i f t s  with l o c a l  s t r u c t u r a l  environments is 

descr ibed.  The program uses  a h e u r i s t i c  method t o  s e a r c h  f o r  common 

s t r u c t u r a l  f e a t u r e s  f o r  t hose  carbon atoms e x h i b i t i n g  s imi la r  s h i f t s .  

Rules have b e e n  gene ra t ed  by our  program from a combined se t  of a c y c l i c  

amine and p a r a f f i n  d a t a .  Examples of t h e s e  r u l e s  are p resen ted ,  and 

t h e i r  performance as a t o o l  f o r  s t r u c t u r e  e l u c i d a t i o n  is  examined. 
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I n  tr oduc t ion 
. .  , -  .. 

Recent  computer s t u d i e s  l3 23 33 have explored  the automated 

a p p l i c a t i o n  of 13C hFlR t echn iques  t o  s t r u c t u r e  e l u c i d a t i o n  problems. 

The i n c r e a s i n g  p o p u l a r i t y  of 13C t echniques  and t h e  i n c r e a s i n g  b u l k  of 

a v a i l a b l e  d a t a  have mot iva ted  us  t o  develop a computer program which 

g e n e r a t e s  e m p i r i c a l  13c NMR r u l e s .  

A n a t u r a l  abundance 13C NMR spectrum which i s  f u l l y  proton- 

decoupled c o n s i s t s  of a number of sharp  peaks cor responding  t o  the  

r e sonance  f r e q u e n c i e s  i n  t h e  a p p l i e d  magnet ic  f i e l d  of t h e  v a r i d u s  

t y p e s  of carbon atoms p r e s e n t  i n  t h e  sample.  A 13C s h i f t  is t h e  amount 

a peak p o s i t i o n  d e v i a t e s  from a r e f e r e n c e  peak of  a s t anda rd  compound 

u s u a l l y  t e t r a m e t h y l s i l a n e  (TMS). Methods f o r  o b t a i n i n g  e m p i r i c a l  r u l e s  

which c o r r e l a t e  13C s h i f t s  wi th  l o c a l  s t r u c t u r a l  environments w i t h i n  a 

class of compounds are c i t e d  i n  t h e  l i t e r a t u r e .  

t r a d i t i o n a l  parameter  set approach t o  r u l e  formation '  the chemis t  s o r t s  

5 3 6 3 7 3 8  In the 

through'  a l a r g e  amount of . d a t a  by hand, s e a r c h i n g  f o r  s t r u c t u r a l  

f e a t u r e s  which appear  t o  c o r r e l a t e  w i th  13C s h i f t s .  The t o t a l  13C 

s h i f t  is t h e n  g i v e n  as a f u n c t i o n  of t h e s e  s t r u c t u r a l  f e a t u r e s .  The 

f u n c t i o n a l  form chosen i s  u s u a l l y  one which presumes a l i n e a r l y  

independent  r e l a t i o n s h i p  between the  s t r u c t u r a l  f e a t u r e s .  A curve  

f i t t i n g  p rocedure  i s  used t o  o b t a i n  opt imal  s e t t i n g s  f o r  parameters  io  

t h e  equa t ion .  The s e l e c t i o n  of p e r t i n e n t  s t r u c t u r a l  f e a t u r e s  and t h e  

s e l e c t i o n  of  a f u n c t i o n a l  form are bo th  d i f f i c u l t  d e c i s i o n s  f o r  which 

i t  nay be e a s y  t o  over look  t h e  c o r r e c t  choice.  
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W e  have w r i t t e n  a computer program' which g e n e r a t e s  e m p i r i c a l  

r u l e s  a s s o c i a t i n g  a 13C NlfR s h i f t  with the  l o c a l  s t r u c t u r a l  environment 

of a carbon atom. The chemist  must provide t h e  program w i t h  a t r a i n i n g  

se t  of known s t r u c t u r e s  and t h e i r  ass igned 13C s p e c t r a .  I n  a d d i t i o n  he 

m u s t  select a language of  d i s c r e t e  valued atom f e a t u r e s  (i.e., "atom 

type", "number of neighbors",  e t c . )  i n  which t h e  program is  t o  express  

s u b s t r u c t u r e s .  The program then  b u i l d s  chemical s u b s t r u c t u r e s  which 

c h a r a c t e r i z e  t h e  environment o f  carbon atoms e x h i b i t i n g  s imi la r  13C 

s h i f t s  0 

A set of  r u l e s  i n  t h e  fol lowing format is generated:  

( range of  c h a r a c t e r i s t i c  13C s h i f t )  i m p 1  ies ( s u b s t r u c t u r e  d e s c r i p t i o n )  

I f  t h e  s u b s t r u c t u r e  to t h e  l e f t  of t h e  arrow i s  p r e s e n t  w i t h i n  some 

molecule then  f o r  a s p e c i f i e d  atom w i t h i n  the s u b s t r u c t u r e  a 13C s h i f t  

i n  t h e  r ange  g iven  to t he  r i g h t  of t h e  arrow w i l l  b e  observed. For 

example, t h e  fol lowing r u l e  w a s  generated by t h e  program when presented 

w i t h  a t r a i n i n g  set  of  combined p a r a f f i n  and a c y c l i c  amines. 
* 

CH3 -CH2-CH2-CH -X + 24.0 ppin < 6 < 14.7  ppm 2 C 

The 

t h e  

t h e  

a s t e r i s k  i n  t h e  s u b s t r u c t u r e  d e s c r i p t i o n  deno tes  t h e  atom f o r  which 

shift is pred ic t ed .  The X s t a n d s  f o r  any non-hydrogen atom. For 

above r u l e  i s  g iven  i n  ppm downfield f r o u  TMS. 6c 
A second program i s  capab le  of applying t h e  r u l e s  t o  molecules t o  

* 13c p r e d i c t  and a s s i g n  t h e i r  13C NlfR spectrum. 

KWR s p e c t r u n  and a l i s t  o f  cand ida te  molecules ,  i t  can  p r e d i c t  a 

spectrum for each cand ida te  and rank t h e  c a n d i d a t e s  by t h e  s i m i l a r i t y  

Also,  g iven  an unknown 
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of t h e i r  p r e d i c t e d  s p e c t r a  t o  t h e  unknown spectrum. Although i t  i s  

p o s s i b l e  t o  app ly  t h e  r u l e s  t o  any molecule,  t h e  va lue  of t h e  

p r e d i c t i o n  depends upon the s i m i l a r i t y  of t h e  molecule t o  the t r a i n i n g  

set  which w a s  used t o  gene ra t e  t h e  r u l e s .  

A re l iable  automated method of g e n e r a t i n g  and applying 13C NIIR 

r u l e s  under c o n s t r a i n t s  supp l i ed  by t h e  chemist  can  b e  a v a l u a b l e  t o o l  

i n  i n c r e a s i n g  t h e  e f f i c i e n c y  of a n a l y z i n g  13C NMR d a t a  and deducing 

s t r u c t u r a l  information from t h e  13C NIlR s p e c t r a  of unknowns. 

Method 

A. Rule  Generation. The a l g o r i t h m  employed t o  generate  t h e  13C 

1 0 , l l  Nl4R r u l e s  c l o s e l y  p a r a l l e l s  t h e  a l g o r i t h m  i n  the  Fleta-DENDRAL 

program which g e n e r a t e s  e m p i r i c a l  r u l e s  of  molecular  fragmentation from 

mass s p e c t r a l  da t a .  Both programs r e p r e s e n t  molecules i n  a chemical 

graph n o t a t i o n  where t h e  atoms are r e p r e s e n t e d  as nodes and bonds are 

r ep resen ted  a s  arcs between nodes. A h e u r i s t i c  method12 i s  used t o  

sea rch  through a space of p o s s i b l e  s u b s t r u c t u r e s .  For 13C NMR r u l e  

formation t h i s  s e a r c h  i s  d i r e c t e d  toward f ind ing  s u b s t r u c t u r e  

d e s c r i p t i o n s  of t h e  c h a r a c t e r i s t i c  l o c a l  environment about carbons 

e x h i b i t i n g  similar 13C s h i f t s .  

The chemist  is g iven  some c o n t r o l  ove r  t h e  cha rac t e r  of t h e  

generated r u l e s .  H e  must select  t h e  language of atom f e a t u r e s  used t o  

g e n e r a t e  s u b s t r u c t u r e s  f o r  t h e  r u l e s .  I n  t h i s  work a t o p o l o g i c a l  

r e p r e s e n t a t i o n  of s t r u c t u r e s  w a s  employed which included "atom type" 

(C,N,etc.) and "number of non-hydrogen neighbors' '  as atom f e a t u r e s  
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(hydrogens are not  r ep resen ted  as d i s t i n c t  atoms i n  t h i s  

r e p r e s e n t a t i o n ) .  Although s t e reochemica l  terms were not  r e q u i r e d  t o  

a n a l y s e  t h e  amines and p a r a f f i n s ,  t h e  a d d i t i o n  of s tereochemical  terms 

as atom f e a t u r e s  w i l l  be  a t o p i c  of f u t u r e  work. The chemist must also 

a s s i g n  v a l u e s  t o  two parameters  which c o n t r o l  t h e  

s p e c i f i c i t y / g e n e r a l i t y  of t h e  gene ra t ed  r u l e s .  The parameter HINLMUM- 

EXAMPLES s p e c i f i e s  t h e  minimum nunber  of d a t a  p o i n t s  which a r u l e  must 

exp la in  wi th in  the  t r a i n i n g  set. A second parameter,  EIAXIMUbf-RANGE, 

s p e c i f i e s  t h e  m a x i m u m  allowed wid th  of  a r u l e ' s  p red ic ted  s h i f t  range.  

A chemist  who wants t o  f i n d  on ly  t h e  m o s t  common genera l  t r e n d s  i n  a 

set  of d a t a  nay set  these  two parameters  t o  o b t a i n  a smal l  number of 

f a i r l y  gene ra l  r u l e s  w i th  moderate s i z e d  p r e d i c t i o n  ranges.  When 

i n t e r e s t e d  i n  a uore  exac t ing  a n a l y s i s ,  h e  may se t  the  parameters  t o  

o b t a i n  a l a r g e r  number of r u l e s  c o n t a i n i n g  r e l a t i v e l y  s p e c i f i c  

s u b s t r u c t u r e s  and correspondingly smaller p r e d i c t i o n  ranges. 

R u l e  gene ra t ion  nay b e  viewed as a s e a r c h  which starts wi th  t h e  

very  geileral  seed r u l e  c -+ -0<6 <a (where C may be  any carbon atom 

wi th  any atom p r o p e r t i e s  and 6, is t h e  observed s h i f t ) ,  and proceeds  

t o  expand upon t h i s  r u l e  by adding new atoms and atom f e a t u r e s  t o  t h e  

C 

r u l e  s u b s t r u c t u r e  i n  an a t t empt  t o  narrow t h e  pred ic ted  range  o f  

s h i f t s .  S ince  new atoms and atom f e a t u r e s  may be  added t o  a 

s u b s t r u c t u r e  i n  many ways, each  r u l e  cons idered  may b e  expanded i n t o  

many o f f s p r i n g .  The f i r s t  few s t e p s  of t h e  r u l e  search  i n  g e n e r a t i n g  

t h e  r e s u l t s  d i scussed  below are shown i n  F igu re  1. 
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A t  each  s t e p  i n  the sea rch  a s i n g l e  a tomic f e a t u r e  from t h e  u s e r  

s e l e c t e d  l i s t  is  added t o  a l l  t h e  atoms a g i v e n  number of bonds away 

from t h e  c e n t r a l  carbon. In  F igu re  1 \ r e  see t h a t  t h e  seed r u l e  i s  

expanded by c o n s i d e r i n g  a l l  p o s s i b l e  v a l u e s  f o r  "number of neighbors" 

of t h e  c e n t r a l  carbon. I n  t h i s  example o n l y  "atom type" and "number of 

neighbors" are allowed as atom f e a t u r e s  ( n o t e  t h a t  t h e  f e a t u r e  ''atom 

type" w a s  a l r e a d y  s p e c i f i e d  as carbon i n  t h e  seed r u l e ) .  Each 

r e s u l t i n g  leve l  1 s u b s t r u c t u r e  is  i n  t u r n  expanded i n  l e v e l  2 by adding 

e i t h e r  a n  "atom type" o r  "number of neighbors" s p e c i f i c a t i o n  t o  each 

atom one bond away from t h e  c e n t r a l  carbon. The s e a r c h  i s  then 

continued a l o n g  each of t h e s e  new pa ths .  A t  each s t e p  each newly 

generated s u b s t r u c t u r e  is  a s s o c i a t e d  w i t h  a r a n g e  of  13C This  

range is  determined by sea rch ing  f o r  occurances of  t h e  s u b s t r u c t u r e  

w i t h i n  t h e  t r a i n i n g  s e t  molecules. When the s u b s t r u c t u r e  is  found 

w i t h i n  a molecule  i n  t h e  t r a i n i n g  set ,  t h e  observed s h i f t  f o r  t h e  

a s s o c i a t e d  carbon i s  recorded. The s h i f t  r ange  a s s o c i a t e d  wi th  t h e  

s u b s t r u c t u r e  is  simply t h e  range o f  a l l  such observed s h i f t s .  

s h i f t s .  

Each s t e p  t a k e n  i n  the  r u l e  s e a r c h  i s  eva lua ted  i n  terms . o f  t h e  

s h i f t  range of t h e  r e s u l t i n g  s u b s t r u c t u r e .  I f  t h e  s h i f t  range i s  found 

t o  be  narrower than t h e  range of t h e  p a r e n t  r u l e ,  t h e n  t h e  added 

s p e c i f i c a t i o n  is  considered t o  b e  u s e f u l ,  and t h e  s e a r c h  i s  continued 

from t h e  new v e r s i o n .  I f  a n  added s p e c i f i c a t i o n  does n o t  narrow t h e  

s h i f t  range,  t h a t  pa th  of  t h e  s e a r c h  i s  abor t ed .  More s p e c i f i c a l l y  f o r  

each newly gene ra t ed  p o t e n t i a l  r u l e ,  t h e  fo l lowing  a c t i o n  i s  taken: 
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I F  t h e  s h i f t  r ange  c f  t h e  new v e r s i o n  i s  n o t  narrower than  t h e  s h i f t  

r ange  of  i t s  p a r e n t ,  

TBEN a b o r t  t h i s  b r a x h  of t h e  s e a r c h ;  

ELSE I F  the number of a p p l i c a t i o n s  of t h e  new v e r s i o n  i n  t h e  t r a i n i n g  

d a t a  i s  less than some p rede f ined  v a l u e ,  MINIMUM-EXAMPLES, 

THEN add  i t s  p a r e n t  to t he  l i s t  o f  , r u l e s  and do n o t  c o n s i d e r  t h e  

new v e r s i o n  ( t h e  use r  may set a c o n t r o l  f l a g  which p reven t s  

the p a r e n t  from becoming a r u l e  i n  t h i s  case); 

ELSE I F  t h e  s h i f t  range of t h e  new v e r s i o n  i s  smaller than  some 

p rede f ined  va lue ,  MAXIL.l'LJM-P.ANGE, 

THEN add t h e  new v e r s i o n  t o  the l i s t  of r u l e s ;  

ELSE c o n s i d e r  t h e  v e r s i o n s  generated by adding a new l eve l  of f e a t u r e  

s p e c i f i c a t i o n s .  

The program runs u n t i l  a l l  branches of t h e  s e a r c h  have been 

explored.  A t  t h a t  p o i n t  a se t  of r u l e s  w i l l  have been gene ra t ed  which 

cove r s  a l l  t h e  d a t a  p o i n t s  i n  t h e  t r a i n i n g  set. S i n c e  r u l e s  with 

s l i g h t l y  d i f f e r e n t  s u b s t r u c t u r e s  may have been gene ra t ed  which cover  

the  sane d a t a  i n  t h e  t r a i n i n g  se t ,  t h e  r u l e  set may b e  redundant. The 

se t  of r u l e s  is t h e r e f o r e  passed t o  a r o u t i n e  which selects a less 

redundant s u b s e t  of  t h e  r u l e s .  The a lgo r i thm f o r  s e l e c t i n g  a s u b s e t  of 

r u l e s  i s  sumniarized below: 

2 1. Assign t o  each r u l e  the s c o r e  peaks/wrange where peaks 

i s  t h e  number of d a t a  peaks covered by t h e  r u l e  i n  t h e  t r a i n i n g  

d a t a ,  and wrange is  t h e  width o f  t h e  s h i f t  r a n g e  f o r  t h e  r u l e .  
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2. S e l e c t  t h e  r u l e  wi th  t h e  h i g h e s t  s co re .  

3. Delete t h e  d a t a  p o i n t s  covered by t h e  newly s e l e c t e d  r u l e ,  and 

r e e v a l u a t e  t h e  s c o r e s  of  a l l  remaining r u l e s .  

I f  a r u l e  cove r s  no d a t a  p o i n t s ,  remove it .  

4. If t h e r e  are more r u l e s  l e f t ,  go t o  (1) .  

The i n t e n t  of t h e  a l g o r i t h m  is  t o  select  dur ing  each i t e r a t i o n  

t h e  s t r o n g e s t  r u l e ,  t hen  t o  weaken r u l e s  w i th  evidence which o v e r l a p s  

wi th  it. The e f f e c t  o f  t h i s  procedure is  t o  s e l e c t  a subse t  of  t h e  

s t r o n g e s t  r u l e s  cover ing  t h e  same se t  of d a t a  as t h e  e n t i r e  set of 

r u l e s  . 
B. U s e  o f  r u l e s  f o r  s t r u c t u r e  s e l e c t i o n .  I n  order  t o  tes t  t h e  

u t i l i t y  of  t h e  r u l e s  as a t o o l  f o r  s t r u c t u r e  e l u c i d a t i o n  a second 

program w a s  w r i t t e n  which u s e s  t h e  r u l e s  t o  s e l e c t  from a l i s t  of  

cand ida te  s t r u c t u r e s  t h e  one whose p r e d i c t e d  spectrum most c l o s e l y  

matches t h e  g iven  unknown spectrum. The s t r u c t u r e  s e l e c t i o n  test 

invo lves  two s t e p s :  1 ) p r e d i c t  t h e  s p e c t r a  of a set of c a n d i d a t e  

molecules us ing  t h e  r u l e s ,  and 2)compare t h e  p red ic t ed  s p e c t r a  wi th  t h e  

unknown spectrum. 

1. P r e d i c t i n g  a spectrum. Rules are  app l i ed  t o  a molecule  

simply by sea rch ing  f o r  p l a c e s  where t h e  r u l e  s u b s t r u c t u r e  f i t s  i n t o  

t h e  molecule.  A graph matching r o u t i n e  i s  used t o  f i n d  a mapping of 

atoms i n  the  r u l e  s u b s t r u c t u r e  t o  atoms i n  t h e  molecule. When a match 

i s  found the  s h i f t  range  a s s o c i a t e d  wi th  the  r u l e  is  p red ic t ed  f o r  t h e  

a s s o c i a t e d  carbon atom. An example of p r e d i c t i n g  a spectrum is shown 
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i n  F igu re  2. For each carbon i n  4,4-Dimethylheptane t h e  r u l e s  which 

apply t o  i t  are shown. For each  r u l e  shown i t s  s u b s t r u c t u r e  and atom 

f e a t u r e s  map i n t o  4,4-Dimethylheptane. 

Often s e v e r a l  r u l e s  a p p l y  t o  p r e d i c t  r anges  f o r  t h e  same carbon 

atom. I f  t h e  p red ic t ed  ranges are c o n s i s t e n t  with each o t h e r  ( i-e. ,  

one of t h e  p red ic t ed  ranges is con ta ined  i n  t h e  o t h e r s ) ,  t h e n  the 

narrowest  p red ic t ed  range is used. This i s  i l l u s t r a t e d  by t h e  r u l e s  

which e x p l a i n  C2 and C i n  F i g u r e  2. Since  one of t h e  t h r e e  p red ic t ed  

s h i f t  r anges  is contained w i t h i n  t h e  o t h e r s ,  i t  i s  s e l e c t e d .  The 

r a t i o n a l e  f o r  t h i s  d e c i s i o n  is  t h a t  t h e  a c t u a l  s h i f t  should f a l l  i n t o  

a l l  of t h e  p red ic t ed  s h i f t  r anges ;  t h e r e f o r e  assume t h e  most s t r i n g e n t  

p r e d i c t i o n .  If t h e  p r e d i c t e d  r anges  o v e r l a p  incompletely o r  are 

5 

d i s j o i n t  ( t h i s  can occur for s t r u c t u r e s  o u t s i d e  t h e  t r a i n i n g  s e t ) ,  t h e n  

t h e  ranges which are i n c o n s i s t e n t  w i t h  t h e  narrowest  r ange  are merged 

t o  a r r i v e  a t  a f i n a l  p r e d i c t e d  r ange  for t h e  carbon atom. 

2. Corrparing P r e d i c t e d  and Observed Spectra .  Spectrum 

assignment is  accomplished by a s s i g n i n g  each atom's p red ic t ed  range t o  

t h e  c l o s e s t  observed s h i f t  i n  t h e  unknown spectrum. I n  o rde r  t o  b e  a 

v a l i d  assignment,  t h e  c o n d i t i o n  

no. of carbons) - [ n o .  of  observed no. of m u l t i p l y  
i n  s t r u c t u r e  s h i f t s  ) [assigned observed s h i f t s  

must be s a t i s f i e d .  I f  t h e  assignment  s a t i s f i e s  t h i s  c o n s t r a i n t  i t  is 

kept .  Otherwise, t he  r e q u i r e d  number of m u l t i p l y  a s s igned  observed 

s h i f t s  a r e  reassigned. The r e a s s i g n e d  a t o n s  and s h i f t s  are s e l e c t e d  by 
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approximating the  n e g a t i v e  c o n t r i b u t i o n  t o  the  conpa r i s ion  s c o r e  of  

r eas s ign ing  each m u l t i p l y  a s s i g n e d  atom. The reassignments  

corresponding t o  t h e  g r e a t e s t  comparison s c o r e  are se l ec t ed .  

Once t h e  most f e a s i b l e  ass ignment  i s  found, t h e  p r e d i c t e d  s h i f t  

of each carbon i s  compared w i t h  t h e  assigned s h i f t  i n  the unknown and a 

comparison s c o r e  f o r  t h e  molecule  is  obtained. The comparison s c o r e  

r e f l e c t s  the degree of  c l o s e n e s s  of  a ' s t ruc tu re ' s  p red ic t ed  spectrum t o  

t h e  unknown spectrum. T h i s  s c o r e  is: 

Comparison s c o r e  = l o s h i f t  - pshif'tl 1 hrange hrange 
predicted 
ranges 

where 

hrange = h a l f  t h e  wid th  of t h e  p red ic t ed  range 
p s h i f t  = t h e  midpoint  of t h e  p red ic t ed  range; t h e  p r e d i c t e d  

s h i f t  
o s h i f t  = t h e  s h i f t  of the a s s i g n e d  peak i n  t h e  unknown spectrum; 

t h e  observed s h i f t .  

S ince  t h i s  f u n c t i o n  is  i n v e r s e l y  p r o p o r t i o n a l  t o  the  width of  t h e  

p red ic t ed  range, narrow p r e d i c t e d  ranges carry more weight than wide 

p red ic t ed  ranges. The comparison s c o r e  is p o s i t i v e  i f  t h e  observed 

s h i f t  is  w i t h i n  the  p r e d i c t e d  range,  and nega t ive  otherwise.  

The s t r u c t u r e  s e l e c t i o n  program con ta ins  a use r  set parameter 

EXPECTED-ERROR t o  account  f o r  t h e  instrument  r e s o l u t i o n ,  i n a c c u r a c i e s  

i n  t h e  r u l e s ,  and o t h e r  s o u r c e s  of e r r o r  in the p red ic t ed  o r  unknown 

s p e c t r a .  Each p r e d i c t e d  r ange  i n  e a c h  p red ic t ed  spectrum i s  enlarged '  by 

t h e  value of t h e  parameter  s e t t i n g .  I n  Figure 2 t h e  p r e d i c t e d  ranges 

have had 2 ppm added t o  b o t h  t h e i r  upper and lower bounds. 
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R e s u l t s  

In o r d e r  t o  test t h e  v i a b i l i t y  of ou r  approach t o  automated 13C 

Nl4R r u l e  formation,  we s e l e c t e d  p a r a f f i n s  and a c y c l i c  amines f o r  test 

compounds s i n c e  they are known t o  e x h i b i t  a s t r o n g  c o r r e l a t i o n  between 

13C s h i f t  and l o c a l  s t r u c t u r e .  5 , 6 , 7 , 8  

A. Rules. Rules were g e n e r a t e d  from a combined set of 22 

p a r a f f i n s  and 47 a c y c l i c  amines s e l e c t e d  as a r e p r e s e n t a t i v e  subse t  of 

t hose  c i t e d  i n  t h e  l i t e r a t u r e .  6' S t r u c t u r e s  with empi r i ca l  formula 

CgH20 or  C H N were excluded from t h e  t r a i n i n g  set s i n c e  these w e r e  t o  

b e  used later as unkaowns f o r  a s t r u c t u r e  e l u c i d a t i o n  test. 

6 15 

The s h i f t s  f o r  t he  p a r a f f i n s  w e r e  incremented by 0.6 ppm i n  o r d e r  

t o  account f o r  t h e  c o n s i s t e n t  d i f f e r e n c e  between the  two sets of da t a .  

T h i s  compensates f o r  t h e  d i f f e r e n t  s o l v e n t s  used f o r  t he  amines 

(benzene) and p a r a f f i n s  (dioxane) .  The program was given the atom 

f e a t u r e s  "atom type" ( i . e . ,  C,N,etc.) and "number of neighbors" w i t h  

which to c o n s t r u c t  s u b s t r u c t u r e s .  The parameter s e t t i n g s  were MIMIllUM- 

EXAHPLES = 2 and =MUM-SHIFT-RANGE = 2.0 ppm. The program gene ra t ed  

a s2t of 138 r u l e s  which covered a l l  of t h e  435 d a t a  peaks. Examples 

of t h e  r u l e s  ob ta ined  are r u l e s  gene ra t ed  

41 had a p r e d i c t e d  s h i f t  r ange  g r e a t e r  than 2.0 pprn s i n c e  they covered 

s u b s t r u c t u r e s  which d i d  n o t  occur  o f t e n  enough in t he  d a t a  t o  a l low 

gene ra t ing  ii r u l e  with 2 i n s t a n c e s  and a narrow s h i f t  range. As might 

b e  expected, t h e  r u l e s  w i t h  wide s h i f t  r anges  had gene ra l  s u b s t r u c t u r e s  

which app l i ed  in many p l a c e s  such  as  Rule  4 i n  Figure 3 w h i l e  the  r u l e s  

g i v e n  i n  F i g u r e  3 .13  Of t he  
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wi th  narrower s h i f t  ranges c a r r i e d  more d e t a i l e d  s u b s t r u c t u r e s  app ly ing  

i n  fewer p l a c e s  such a s  Rule 3 i n  F igu re  3. Often m u l t i p l e  r u l e s  were 

found t o  c o v e r  the  same d a t a  point .  For example Rule 4 i n  F igu re  3 

a p p l i e s  wherever Rule 3 a p p l i e s .  

S ince  t h e  program is  designed t o  b u i l d  s u b s t r u c t u r e s  by inc lud ing  

on ly  atoms and atom f e a t u r e s  which improve a r u l e ' s  performance i n  the  

t r a i n i n g  d a t a ,  some r u l e  s u b s t r u c t u r e s  'may omit  s p e c i f i c a t i o n s  of atoms 

and f e a t u r e s  which could be added without  a f f e c t i n g  t h e  evidence of  a 

r u l e .  Rule  1 i n  Figure 3 s a y s  t h a t  whatever t h e  type of  t h e  atom nex t  

t o  t h e  methyl  group, t h e  s h i f t  w i l l  b e  (14.32 t o  14.70) .  Actua l ly ,  t h i s  

r u l e  w a s  formed from s i t u a t i o n s  i n  which a t o n  2 w a s  always carbon. 

However, s i n c e  wi th in  t h e  t r a i n i n g  d a t a  t h e  a d d i t i o n  of t h e  atom type 

could n o t  change the  r u l e ' s  evidence,  t h e  type of atom 2 remained 

unspec i f i ed .  The program d id  cons ide r  i n c l u d i n g  t h e  atom type,  b u t  

s i n c e  i t  d i d  n o t  change t h e  r u l e ' s  evidence t h e  type s p e c i f i c a t i o n  w a s  

n o t  included.  I f  t h e  t r a i n i n g  set had inc luded  s i t u a t i o n s  i n  which the 

s p e c i f i c a t i o n  of t h e  atom type  would have improved t h e  p r e d i c t i o n ,  t h e  

s p e c i f i c a t i o n  would have been added. 

The example given above i l l u s t r a t e s  a des ign  d e c i s i o n  which w a s  

b u i l t  i n t o  t h e  program. For  a g iven  r u l e  t h e r e  may b e  several p o s s i b l e  

s u b s t r u c t u r e  d e s c r i p t i o n s  which perform e q u a l l y  w e l l  w i t h i n  the 

t r a i n i n g  set  da ta .  The program selects one o f  t h e s e  s u b s t r u c t u r e s  as 

t h e  l e f t  hand s i d e  of t h e  r u l e .  A t r a d e o f f  exists between s e l e c t i n g  a 

s p e c i f i c  s u b s t r u c t u r e  wi th  many atoms and f e a t u r e s  o r  a more g e n e r a l  
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s u b s t r u c t u r e  with a r e l a t i v e l y  g e n e r a l  d e s c r i p t i o n  of t h e  l o c a l  

environment.  The nore  s p e c i f i c  s u b s t r u c t u r e  is  less l i k e l y  t o  app ly  i n  

subsequent  molecules.  A less s p e c i f i c  s u b s t r u c t u r e  is more l i k e l y  t o  

apply ,  b u t  a l s o  may apply  i n  c a s e s  where it should n o t  ( a s  is  t h e  case  

f o r  Rule  1 of F igure  3). We are working on an ex tens ion  t o  the  

a lgo r i thm which t r i l l  al low t h e  program t o  r eason  more thoroughly wi th  

t h i s  i s s u e ,  and t o  r e f i n e  i t s  d e c i s i o n  when p resen ted  wi th  a d d i t i o n a l  

da ta .  

Other  p r o p e r t i e s  of t h e  r u l e s  are i l l u s t r a t e d  by t h e  examples i n  

F igure  3. In Rule 1 t h e  neighbor  p rope r ty  f o r  atom 4 means t h a t  atom 4 

is  connected t o  t h r e e  atoms one of them be ing  atom 3 and t w o  o t h e r  

a t o s s  which were no t  g iven  i n  t h e  s u b s t r u c t u r e .  Rule  2 g i v e s  t h e  s h i f t  

of a qua r t ena ry  carbon. Each carbon ad jacen t  t o  t h e  qua te rna ry  carbon 

may be connected t o  a d d i t i o n a l  atoms o u t s i d e  the  s u b s t r u c t u r e .  R u l e s  3 

and 4 i l l u s t r a t e  t he  dependence of t h e  13C s h i f t  range  upon the  number 

of n e a r e s t  ( a l p h a ) ,  nex t  n e a r e s t  ( b e t a ) ,  and f u r t h e r  levels of 

ne ighbor ing  carbon atoms. Th i s  is similar t o  t h e  r e s u l t  t h a t  Lindernan 

arid Adams obtained.6 R u l e  4 s a y s  t h a t  atom 3 h a s  t h r e e  a lpha  carbons  

and any number of b e t a  carbons  and g i v e s  a broad p r e d i c t i o n  range. 

R u l e  3 r e f i n e s  t h i s  p r e d i c t i o n  range g iv ing  a r u l e  f o r  t h e  case of 

t h r e e  a l p h a  carbons snd two b e t a  carbons.  Rules  5 and 6 are bo th  f o r  a 

t e r t i a r y  amine and i l l u s t r a t e  t h e  i n f l u e n c e  of a n  a d d i t i o n a l  b e t a  

carbon on the  t e r t i a ry  carbon. 

The r u l e s  c o r r e c t l y  covered a l l  the  d a t a  i n  the  t r a i n i n g  s e t  wi th  
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a n  average p r e d i c t i o n  range of  2.7 ppm. Notice t h a t  t h e  average  

p r e d i c t i o n  range could  have been  made smaller (with more r e s u l t i n g  

r u l e s )  o r  l a r g e r  (wi th  fewer r u l e s )  by a d j u s t i n g  t h e  parameters  

MAXIM~l-R ANGE and MI N IMlJFl-EXAMPLE S . 
B. S t r u c t u r e  s e l e c t i o n  of a c y c l i c  amines and p a r a f f i n s .  The 

s t r u c t u r e  s e l e c t i o n  program w a s  s u p p l i e d  an exhaus t ive  l i s t  of CgH20 

s t r u c t u r a l  isomers (35 d i s t i n c t   structure^^^) which had been omit ted 

from t h e  t r a i n i n g  se t  d a t a  used i n  the  r u l e  formation s t e p .  The 

program used the  set of  r u l e s  t o  p r e d i c t  a spectrum f o r  each s t r u c t u r a l  

isomer. A n  unknown spectrum belonging  t o  one of t h e  C H s t r u c t u r e s  

w a s  suppl ied  and t h e  program w a s  asked  t o  rank t h e  candida te  s t r u c t u r e s  

by comparing each p r e d i c t e d  spectrum wi th  the  unknown spectrum. The 

number of carbons t h a t  correspond t o  a n  observed peak w a s  n o t  included 

wi th  the  unknown spectrum. The test w a s  repea ted  with each of t h e  24 

CgH20 s p e c t r a  from Lindeman and Adams . The r e s u l t s  of t h i s  test  and 

another  tes t  involv ing  C6HlsN amines,  are g iven  i n  Table 1. Not ice  t h a t  

t h e  program ranked t h e  c o r r e c t  s t r u c t u r e  e i t h e r  f i r s t  o r  second f o r  2 3  

of t he  24 CgH20 s p e c t r a  and f o r  10 of t h e  11 C H The v a l u e  

of the  parameter EY2ECTED-ERROR i n  t h e  spectrum conparison which a l lows  

t h e  u s e r  t o  widen t h e  p r e d i c t i v e  r ange  of t h e  r u l e s  w a s  va r i ed .  The 

program performed b e s t  on  t h i s  d a t a  and wi th  t h i s  set of r u l e s  with 

EXPECTED-ERROR equa l  t o  2 p p m .  It is d i f f i c u l t  to sort  out  t he  reasons  

9 20 

6 

N s p e c t r a .  6 15 

f o r  t h i s  s e t t i n g  be ing  opt imal .  Two r e l e v a n t  f a c t o r s  are the  peak 

comparison f u n c t i o n  ( t h e  v a l u e  decays t o  ze ro  when the  observed s h i f t  
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is a t  t h e  edge o f  t h e  p r e d i c t e d  range)  and t h e  f a c t  t h a t  t h e  r u l e s  w e r e  

t r a i n e d  on d i f f e r e n t  molecules t h a n  used here.  

We examined i n  d e t a i l  t h e  program's a n a l y s i s  of  t h e  2,2,3,3 - 
Tetramethylpentme spectrum. I n  t h i s  ca se  t h e  program ranked t h e  

c o r r e c t  s t r u c t u r e  n i n t h  o u t  of t h e  35 candidates .  We found a 

combination of e f f e c t s  which compounded t o  g i v e  the low ranking t o  t h e  

c o r r e c t  s t r u c t u r e .  These e f f e c t s  were a l s o  apparent  t o  a lesser degree 

i n  the a n a l y s i s  o f  o t h e r  s p e c t r a ,  and p o i n t  t o  p o s s i b l e  improvements t o  

our approach. 

Some p r e d i c t e d  s h i f t  r a n g e s  f o r  t h e  c o r r e c t  s t r u c t u r e  w e r e  q u i t e  

wide. For 2,2,3,3 - Tetramethylpentane,  seven of t h e  n i n e  p r e d i c t e d  

ranges were wider than 6 ppm due t o  two f a c t o r s .  F i r s t ,  wide p r e d i c t e d  

s h i f t s  may ar ise  f o r  carbons w i t h  s p e c i f i c  l o c a l  environments which 

were not  found i n  t h e  t r a i n i n g  d a t a .  I n  t h i s  case only a v e r y  g e n e r a l  

r u l e  ( i f  any) might be a v a i l a b l e  t o  p r e d i c t  a range f o r  t h e  carbon. 

Second, a wide p r e d i c t e d  s h i f t  may a l s o  arise when two r u l e s  w i t h  

d i s j o i n t  p r e d i c t e d  ranges a p p l y  t o  t h e  same carbon. I n  t h i s  case, a t  

l ea s t  one of t h e  r u l e s  m u s t  have  been i n c o r r e c t .  E i t h e r  i t s  p r e d i c t i o n  

range should have been wider  or t h e  s u b s t r u c t u r e  made more s p e c i f i c .  

Th i s  problen i s  r e l a t e d  t o  t h e  t r a d e o f f  d i scussed  e a r l i e r  between us ing  

general  o r  s p e c i f i c  v e r s i o n s  of t h e  s t r u c t u r e .  

Since t h e  p r e d i c t e d  ranges are assigned t o  the  rules o n l y  on t h e  

basis of those examples observed i n  t h e  t r a i n i n g  set  i t  is p o s s i b l e  f o r  

s h i f t  ranges t o  b e  too  narrow. I n  t h i s  c a s e ,  t h e  i n a d v e r t e n t l y  narrow 
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p r e d i c t e d  range  may i n c o r r e c t l y  p e n a l i z e  the  c o r r e c t  c a n d i d a t e  

s t r u c t u r e .  

Peak i n t e n s i t y  in fo rma t ion  which g i v e s  t h e  number of carbon atoms 

corresponding t o  an  observed peak was n o t  used. This i n fo rma t ion  could 

b e  used by t h e  program as a c o n s t r a i n t  on assignment of  p red ic t ed  

ranges t o  peaks i n  t h e  unknown spectrum. The expected e f f e c t  would be  

lower comparison s c o r e s  f o r  i n c o r r e c t  s t r u c t u r e s  without  s i g n i f i c a n t  

change t o  the  comparison s c o r e  of t h e  c o r r e c t  s t r u c t u r e .  

Conclusion 

The r u l e s  gene ra t ed  by t h e  program are of t h e  form s u b s t r u c t u r e  

imp l i e s  s h i f t  range.  Th i s  form d i f f e r s  i n  s e v e r a l  r e s p e c t s  from the  

t r a d i t i o n a l  parameter set approach of  weighting and summing predef ined  

s t r u c t u r a l  f e a t u r e s .  ( 1 )  Each r u l e  has  a d i s t i n c t  p r e d i c t e d  s h i f t  

range. Thus t h e  r u l e s e t  can  i n c l u d e  r u l e s  of varying d e t a i l .  The usua l  

expected e r r o r  f o r  t h e  parameter  set approach i s  a s i n g l e  number - t h e  

s t anda rd  d e v i a t i o n  of t h e  t r a i n i n g  se t  from the  f i t t e d  curve.  The 

p r e d i c t i o n  of a s h i f t  r ange  r a t h e r  than a s i n g l e  number i s  a n  advantage 

when ana lyz ing  carbon atoms t h a t  e x h i b i t  nagnet ic  nonequivalence.  

Flagnetic nonequivalence r e s u l t s  i n  d i f f e r e n t  chemical s h i f t s  f o r  two 

i d e n t i c a l  groups i n  molecules  having an  asymmetric carbon atom. The 

parameter  set  approach which a t t e m p t s  t o  p r e d i c t  t he  a r i t h m e t i c  mean of 

t h e  observed s h i f t s  w i l l  always b e  i n  error. ( 2 )  The r u l e  format  used 

w i t h i n  t h e  program is  i d e a l l y  s u i t e d  f o r  "reading backwards", t h a t  i s ,  

t h e  appearance of a peak i n  an  unknown spectrum i m p l i e s  a s t r u c t u r a l  
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f e a t u r e .  We hope t o  make use of  t h i s  a b i l i t y  i n  a f u t u r e  program which 

w i l l  use the  r u l e s  t o  i n f e r  l i k e l y  s t r u c t u r e s  from a n  unknown spectrum. 

(3) Whereas t h e  parameter  set approach a t t e m p t s  t o  break  down the  t o t a l  

s h i f t  i n  terms of  c o n t r i b u t i o n s  from t h e  s e l e c t e d  s t r u c t u r a l  f e a t u r e s ,  

our r u l e s  p r e d i c t  on ly  t h e  t o t a l  13C s h i f t  c h a r a c t e r i s t i c  of t h e  

s u b s t r u c t u r e .  Th i s  i s  a major  d i f f e r e n c e ,  and t h e r e  is both  an 

advantage and a d i sadvan tage  i n  our approach. The d isadvantage  is t h a t  

by overlooking c o n t r i b u t i o n s  t o  t o t a l  s h i f t  our  program is  forced  t o  

gene ra t e  a. new r u l e  t o  cover  every d i s t i n c t  I3C s h i f t .  Although a 

l a r g e  se t  of r u l e s  i s  d i f f i c u l t  f o r  people  t o  grasp  qu ick ly ,  computer 

programs may q u i t e  e a s i l y  app ly  t h e  r u l e s .  P r e d i c t i n g  a 13C spectrum 

requi red  approximately one minute of CPU time f o r  t h e  average  molecule 

i n  t h i s  s tudy .  The advantage of  p r e d i c t i n g  t o t a l  s h i f t s  ove r  

hypothes iz ing  p a r t i a l  c o n t r i b u t i o n s  i s  i n  avoiding i n i t i a l  b i a s e s  as t o  

what c o n t r i b u t e s  t o  t h e  s h i f t  and how t h e s e  c o n t r i b u t i o n s  are t o  be  

combined. I n  t h e  parameter  set  approach p r e s e l e c t e d  s t r u c t u r a l  

f e a t u r e s  are combined i n  a predef ined  f u n c t i o n a l  form. Our approach 

bypasses  t h e  b i a s  of  a n  assumed f u n c t i o n a l  form, and in t roduces  on ly  a 

weak b i a s  concern ing  which s t r u c t u r a l  f e a t u r e s  may b e  considered.  The 

program may c o n s i d e r  any s t r u c t u r a l  f e a t u r e  which can  b e  expressed 

w i t h i n  t h e  language of  atom f e a t u r e s  s e l e c t e d  by t h e  chemist .  

The performance of t h e  r u l e s  i n  d i s c r i m i n a t i n g  . among similar 

s t r u c t u r e s  n o t  i nc luded  i n  the  t r a i n i n g  set  d a t a  demonst ra tes  t h e  

gene ra l  c o n t e n t  of  t h e  r u l e s .  Although t h e  procedure o f  p r e d i c t i n g  

17  



s p e c t r a  f o r  a l l  p o s s i b l e  s t r u c t u r a l  i somers ,  t h e n  comparing a g a i n s t  t h e  

unknown spectrum is a n  i n e f f i c i e n t  approach  t o  s t r u c t u r e  e l u c i d a t i o n  

( t h e  number of p o s s i b l e  s t r u c t u r a l  i somers  i n c r e a s e s  r a p i d l y  with t h e  

s i z e  of t he  molecule) ,  i t  is n e v e r t h e l e s s  a v a l i d  t e s t  o f  t h e  

informat ion  con ten t  of t h e  r u l e  set .  
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F i g u r e  Capt ions 

F i g u r e  1. P a r t i a l  schematic diagram of t h e  r u l e  s ea rch ,  Rule sub- 

s t r u c t u r e s  a re  expanded by adding new s u b s t r u c t u r e  s p e c i f i c a t i o n s .  

The observed s h i f t  r ange  i n  t h e  t r a i n i n g  d a t a  d i r e c t s  t h e  

s e a r c h  . 6c v a l u e s  are approximate and are g iven  i n  ppm 

downfield from TMS. The '*' i d e n t i f i e s  t h e  c e n t r a l  carbon t o  

which t h e  s h l f t  is assigned.  'X' i n d i c a t e s  t h a t  any non-hydrogen 

atom type" is allowed. 11 

F i g u r e  2. Appl i ca t ion  of r u l e s  t o  4,4-Dimethylheptane f o r  spectrum 

p r e d i c t i o n .  6,(n). is t h e  s h i f t  observed f o r  t he  atom n i n  ppm 

downfield from TMS. 

F i g u r e  3. Sample r u l e s  gene ra t ed  by t h e  program. 6c i s  g iven  i n  

ppm downfield from TMS. 
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. 
RULE SEARCH 

LEVEL I : SPECIFICATION / OF NEIGHBORS 

Cf -43. I \< 8& 4% 

LEVEL 2: SPECIFICATION 
OF NODE TYPE OR / I  

/ I  NEIGHBORS 

. C- N%28.8<6&45.6 * I  + 
CE C+8. 33.5 

c%- -€ 

\.(paths to other descendents) 

(paths to other descendents) \-• 
f 

C-GN -38.76 8 6  60. I 

\ C5X- +23.8+< 33.5 

c 



'8 
I 

c -c -c -c -c -c -C' 7 6 5 , l  2 3 4 

c9 

Observed Spectrum 15.5 17.9 27.6 33.4 45.4 
P r e d i c t e d  Spectrum (12.0 17.4) (15.9 26.3) (25.1 31.5) (27.7 37.6) (42.7 46.9) 

Carbon A t o m  Rules which app ly  t o  t h e  carbon atom 

Rule# Subs t ruc tu re  A t o m  A t o m  Number o f  P r e d i c t i o n  
t y p e  non-H 

ne i ghbors 
number 

1,5,7;8 
2 
3 
4 

2 
3 
4 

193 
2 

1 
2,3 

4 

2,4 
3 
7 
8 

1 
2 

3,7,8 

1,3,7,8 
2 

1 
2,3 

4 

193 
2 '  

2 

5 c2 E c 1 1 
I 
I 
8 

5-4-3-2-7 

I 

I 
- 4- 3- 2- 2 

1 7. 9 0 G c  (2) ,<56 9 1 C 31 
C 2 

1-2-3 

14. 0 6 ~ 6 ~ (  1)<15.40 1-2-3-4 C 1 
C 2 
C 31 

7 
I 

-2-3-4- 
I 
8 

5 

2 3 . 8 0 ~ 6  (1)<31.86 
C 

C 1 

C 21 
Any 4 

6 3 
I 

I 
7 

a-2- 1 

C 21 
C 4 

7 3 
1 

8-2- 1 
I 
7 

C 1  

c & C6 
3 

8 'I -2-3-4 C 1 
C 2 
C >,1 

C a1 
C 2 

9 1-2-3 



' 3 C  NMR Rules 

P red I ct i o n  #peaks explained 
in training set 

Rule# Substructure Atom 
number 

Atom 
tY Pe 

Number of non-H 
neighbors 

I 
1 1-2-3-4- 1 

2 
C 

any 
any 
C 

3 
4 

15 29 69~6,  (2),(35.60 2 8 
I 

7-2-3 
I 
1 

3 4 
I 

-2- 3-5- 

4 2 
I 

5-3-4 

2 2 5 . 0 8 ~ 6 ~  ( 3 k 4 8 . 2 0  28 C 
C 
c 
C 

21 
3 
21 
31 5 

5 3 1 
1 

8-2-3- 
I 

48. 09<6c (2),<50.09 

7 
I 

-2- 3- 4- 

6 

I 

C 
C 
N .  
C * 

2 
3 

2 



Table 1. R e s u l t s  of S t r u c t u r e  Ranking Experiment 

I d e n t i t y  of unknown spectrum Ranking of c o r r e c t  s t r u c t u r e  
o u t  of 35 p o s s i b l e  

C g H Z 0  isomers 

Nonane 
M e  t hy loc tane  
Met hy 1 octane 
Methyloctane - Dimethylheptane - Dimethylheptane - Dimethylheptane - Dimethylheptane - Dimethylheptane - Dimethylhep t ane  - Dimethylhep t ane  - Dimethylheptane 
- Dimethylheptane 

2 , 3 , 5  - Trimethylhexane 
2 , 2 , 4  - Trimethylhexane 
2 , 2 , 5  - Trimethylhexane 
2 , 3 , 3  - Trimethylhexane 
2 , 2 , 3 , 4  - Tetramethylpentane 
2 , 3 , 3 , 4  - Tetramethylpentane 
2 , 2 , 3 , 3  - Tetramethylpentans 
3 - Ethylheptane 
2 , 4  - Dimethyl - 3 - e t h y l p e n t a n e  
3 , 3  - Diethylpentane 
2 , 2 , 4 , 4  - Tetramethylpentane 

Hexylamine 
1 , 3  - Dlmethylbutylamine 
1,2 ,2  - Trimethylpropylamine 
2,2 - Dinethylbntylamine 
Di p r  op ylamine 
D i  isopropylamine 
N - Ethylbutylamine 
N - Ethy l  - s e c  - butylamine 
Triethylamine 
N,N - Dimethyl - s e c  - butylamine 
N,N - Dimethyl - t e r t  - buty lamine  

1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
1 
2 
1 
1 
1 
2 
1 
9 
1 
1 .  
2 
1 

Ranking of c o r r e c t  s t r u c t u r e  
o u t  of 39 p o s s i b l e  

C 6 N H 1 5  isomers 
1 
1 
1 
2 
2 
1 
1 
1 
1 
6 
1 

25 


